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ANALYTICAL STUDY OF THE 
T R A N S F E R FUNCTION OF E B R - I MARK IV 

J i r o W a k a b a y a s h i 

I. INTRODUCTION 

T h e d y n a m i c b e h a v i o r of l iquid m e t a l - c o o l e d fas t r e a c t o r s for 
s m a l l p e r t u r b a t i o n s was i n v e s t i g a t e d in a s y s t e m a t i c way. S ince the r e a c 
t iv i ty coef f ic ien t s of fas t r e a c t o r s due to t e m p e r a t u r e a r e s m a l l c o m p a r e d 
wi th t h o s e of t h e r m a l r e a c t o r s , c e r t a i n feedback m e c h a n i s m s which m u s t 
be t a k e n into c o n s i d e r a t i o n in the t r a n s f e r funct ion a n a l y s i s of t h e r m a l s y s 
t e m s m a y be neg l ec t ed . 

In th i s r e p o r t the following feedback m e c h a n i s m s a r e a n a l y z e d 
t h e o r e t i c a l l y : 

1. 

2. 

the r e a c t i v i t y feedback due to ax ia l expans ion of a fuel s lug ; 

the r e a c t i v i t y feedback due to r a d i a l expans ion of a fuel s l ug . 
The coo lan t vo lume in the c o r e m a y be changed by th i s 
expans ion ; 

the r e a c t i v i t y effect due to c ladding expans ion . The r e a c t i v i t y 
i s changed for the s a m e r e a s o n as for i t e m 2; 

the r e a c t i v i t y effect due to coolant expans ion in the c o r e ; 

the r e a c t i v i t y effect due to coolan t expans ion in the b l anke t ; 

the r e a c t i v i t y effect due to ax ia l expans ion of a b l anke t s lug ; 

the r e a c t i v i t y effect due to bowing of a fuel s lug in the j a c k e t ; 

the r e a c t i v i t y effect due to expans ion of a f u e l - a s s e m b l y t u b e . 

The n u m e r i c a l a n a l y s i s was done for the E B R - I M a r k IV, and the 
r e s u l t s of the a n a l y s i s showed a good a g r e e m e n t with t h o s e of e x p e r i m e n t . 

Since the a n a l y s i s was done t h e o r e t i c a l l y it is e x p e c t e d tha t the 
e s t i m a t i o n of t r a n s f e r funct ions of the l iquid m e t a l - c o o l e d fas t r e a c t o r s 
m a y be done with suff ic ient a c c u r a c y by a s i m i l a r p r o c e d u r e d u r i n g the 
des ign ing p e r i o d . 



II. ASSUMPTIONS IN THE ANALYSIS 

F o r s impl ic i ty the following a s s u m p t i o n s w e r e m a d e in the a n a l y s i s : 

1. Since the r e a c t o r c o r e is suff ic ient ly s m a l l , the d y n a m i c b e 

hav io r of the r e a c t o r is spa t ia l ly independent . 

2 m the t r a n s f e r function study, the power r e s p o n s e due to the 
s m a l l r e ac t i v i t y osc i l l a t ion is i nves t iga t ed . The a m p l i t u d e of the p o w e r 
o sc i l l a t i on is so s m a l l that (i) the non l inea r effect of the n e u t r o n c h a i n r e 
ac t ion and the non l inea r i ty of the hea t t r a n s f e r m a y be i g n o r e d and (ii) the 
spa t ia l power deviat ion will be p ropo r t i ona l to the in i t i a l p o w e r d i s t r i b u t i o n . 

3. The r eac t i v i t y effect due to the loca l t e m p e r a t u r e is p r o p o r 
t ional to the produc t of the loca l t e m p e r a t u r e dev ia t ion and the l o c a l p o w e r . 

4. The r ad i a l f i ss ion d i s t r i bu t ion in a s ingle fuel s lug is c o n s t a n t , 
i . e . , the power gene ra t ion r a t e in a s ingle fuel r od is r a d i a l l y u n i f o r m . 

5. Since the r a t i o of the power g e n e r a t i o n at the c o r e wal l to t he 
c o r e c e n t e r at the s a m e e levat ion is n e a r l y equal to 0.7, the effect of the 
r a d i a l power d i s t r ibu t ion in the co re will not be i m p o r t a n t in t he t r a n s f e r 
function study, and th is effect m a y be ignored in the a n a l y s i s . 

6. I na smuch as the upper and lower b lanke t power is v e r y s m a l l 
c o m p a r e d with the c o r e power , the upper and lower b l anke t power m a y be 
i gno red in the a n a l y s i s . 

7. Since the inner b lanket power is v e r y s m a l l c o m p a r e d wi th the 
c o r e power , the r eac t i v i t y effect due to the inner b l anke t t e m p e r a t u r e m a y 
be ignored in the a n a l y s i s . Only the effect of the t e m p e r a t u r e d e v i a t i o n of 
the coolant at the c o r e inlet due to the p r e h e a t i n g in the inner b l anke t i s 
i n t roduced in the ana lys i s as the effect of the inner b l anke t . 

8. The r a t io of power genera t ion in the c o r e , inner b l anke t , and 
ou te r b lanke t a r e 80%, 5%, and 15% of total power , r e s p e c t i v e l y . The o u t e r 
b lanke t power has no effect on the dynamic behav io r of the r e a c t o r . 

9. F r o m the e x p e r i m e n t a l data the axial power d i s t r i b u t i o n in the 
c o r e h a s s inuso ida l f o r m . 

10. Accord ing to a s s u m p t i o n 7, the spat ia l power d i s t r i b u t i o n m 
the i nne r b lanke t m a y be ignored in the ana lys i s of the out le t coo l an t t e m 
p e r a t u r e of the inner c o r e . 

11. Since the t e m p e r a t u r e difference be tween the NaK bond and 
Z i r c a l o y c ladding is sufficiently sma l l c o m p a r e d with the t e m p e r a t u r e dif
f e r e n c e be tween the Z i r c a l o y cladding and the NaK coolant , the NaK bond 
and the Z i r c a l o y c ladding can be t r e a t e d toge the r . 

12. The r e a c t i v i t y change due to bowing of a fuel s lug m a y b e r e 
p l aced by the r e a c t i v i t y change due to the change m the c o r e r a d i u s . 



13. F r o m a s s u m p t i o n 2, the s p a t i a l t e m p e r a t u r e d i s t r i b u t i o n in 
t he c o r e o r u p p e r b l a n k e t wi l l r e m a i n c o n s t a n t . T h e n the t e m p e r a t u r e dif
f e r e n c e a c r o s s the fuel s lug o r b l anke t s lug in the r a d i a l d i r e c t i o n of t he 
c o r e wi l l b e p r o p o r t i o n a l to the t e m p e r a t u r e of the fuel s lug or b l a n k e t 
s lug r e s p e c t i v e l y . 

14. S ince the n e u t r o n e n e r g y in the c o r e is r a t h e r h igh , the 
Dopp le r effect i s n e g l i g i b l e . 

15. The r a d i a l e x p a n s i o n of a fuel r o d wi l l be a b s o r b e d by the 
t i gh t en ing r o d s p r i n g and wi l l not affect the r a d i a l d i s p l a c e m e n t of the c o r e . 

III. Z E R O - P O W E R R E A C T O R T R A N S F E R F U N C T I O N 

F r o m a s s u m p t i o n 1, the k ine t i c c h a r a c t e r i s t i c s of t he r e a c t o r m a y 
be ob t a ined by so lv ing the fol lowing s p a t i a l l y i n d e p e n d e n t k i n e t i c e q u a t i o n s 
( see Append ix G for the m e a n i n g of s y m b o l s ) : 

dN 
dt 

dCi 

IT 

P - P 
N + 2 XiCi 

- P N - XiCi 

(3.1) 

(3,2) 

.i 
1 = 1 

1,2, 

Pex + Pi (3 .3) 

w h e r e Pgx and Pf a r e the e x t e r n a l l y i n s e r t e d r e a c t i v i t y and the f e e d b a c k 
r e a c t i v i t y , r e s p e c t i v e l y . The v a l u e s of Xi and ^^ a r e g iven in T a b l e 3.1.(1) 

F r o m a s s u m p t i o n 2, the t r a n s f e r funct ion of the z e r o - p o w e r r e 
a c t o r i s deno ted as fo l lows : 

N ( S ) / N O 

,'^(s) 

l/&* 
(3 .4) 

1+ I 
1 i * ( s + >̂ ;) 



Tab le 3,1 

VALUES OF \^ AND Pi 

Xi /3i 

1 

2 

3 

4 

5 

6 

213 i 

0.0129 

0.0311 

0.1340 

0.3310 

1.2600 

3.2100 

= 0.00296; i * 

0,0000918 

0.0007193 

0.0005979 

0.0010182 

0.0003996 

0.0001332 

= 4 X 10"* sec 

IV. POWER GENERATION TO CORE T E M P E R A T U R E 
TRANSFER FUNCTION 

F r o m a s s u m p t i o n 11, the NaK bond and the Z i r c a l o y c l add ing wi l l 
be t r e a t e d as one m e d i u m having a s ingle hea t capac i ty and a s ing l e t h e r 
m a l r e s i s t a n c e . If the s ingle t h e r m a l r e s i s t a n c e is equal to the t h e r m a l 
r e s i s t a n c e of the l aye r of NaK bond and c ladding , the t e m p e r a t u r e of t h i s 
m e d i u m can be given by the a p p r o x i m a t e va lue of the c ladd ing s u r f a c e 
t e m p e r a t u r e , and it can be a s s u m e d that the NaK bond t e m p e r a t u r e is 
n e a r l y equal to the cladding su r face t e m p e r a t u r e . 

Accord ing to a s s u m p t i o n 4, the t e m p e r a t u r e in the fuel s lug of 
r ad iu s Rj, t h e r m a l conductivi ty Xf, and diffusivity kf m a y be ob ta ined by 
solut ion of the equation 

, Q S A R ' 1 dSf 

^ X{ kf dt '^^-'-l 

Since the fuel slug is cy l i nd r i ca l , the bounda ry cond i t i ons a r e : 

Sef(r,t) H 

^1 R, ^f 
- {e f ( r , t ) - e^ ( t ) } ; (4.2) 

By using the Lap lace t r a n s f o r m me thod and subs t i t u t i ng the fol low
ing r e l a t i ons : 

{%(R. s) - e^(s)}27TRiHi ; (4.4) 



M = RjHi/Xf 

T ^ R ^ k f , 

we obtain 

QC(S) = {Qg(s) - Cfse^(s) 
2 I i ( y T i ) / y T 7 

/ T s . 
lo(yTF) + ^ i i ( y T i ) 

(4 .5) 

(4 .6) 

F i 
= {Qg(s)-CfSe^(s)} I^ ^ 

where F^ and T. are found from the simultaneous solution of 

(4 .7) 

1 + ( T / T ^ M ^ ) 

and 

Fi = y r /T : 
J i ( ^ A i ) 

JO(^/T7TV 

(4 .9) 

F r o m the numerical calculation, it is found that F̂ ^ and T̂^ a re very 
small at i >2 . Eq. (4.7) may therefore be rewrit ten as follows: 

Q j s ) - { Q g ( s ) - C f s e e ( s ) } ^ 7 ^ ^ + 
1 + T,S 

(4.10) 

where 

CO / 

I F iVT 

CO 

X Fi/T 
F , = 1 - F , (4.11) 

Since a certain fraction 7 of power generation is ca r r i ed by gamma 
radiation and is re leased in the coolant directly, Eq. (4.10) may be r e 
written as 

(4.12) Qc(s) = {(1 -7)Qg(s) - CfS e^(s)} i r r r ; ; + 1 + T,s 
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The fuel rod t e m p e r a t u r e , NaK bond and c l add ing t e m p e r a t u r e , and 
coolant t e m p e r a t u r e a r e found by so lv ing the fol lowing e q u a t i o n s : 

Cf sQ^ix.s) = ( 1 - 7 ) Qg(X. s) - Qc(X.s) ; 

C^ se^(Xi.s) = Qc(X. s) - {Qn(X.s) - 7 Q g ( x . s ) } ; 

Qn(x , s ) -7Qg(X. s) = 27rR2H2 [e^(x, s) - Gjx. s)} ; 

Qn(X.s) = C n s e n ( x , s ) + vCn 
dejx-s) 

dX 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

F r o m E q s . (4.12) th rough (4.16) (see Appendix A), B^ix, s ) , 0^{x, s) 

and 0n(X. s) a r e 

h (X, s) = Q„(X, s) (1 - 7 ) 
| c f S • ^ 'l^CfS ^ 2 7 T R 2 H 2 C J J 

ec(x.s) = 1 4 1 ^ _ I 1 Q J X , S ) + ?(S) 
27rR2H2 g F(s ) 

3n(X.s ) = {7+ (1 - 7 ) e ( s ) } - — I Q^ ( x ' , s ) 
•^'^n "'o 

+ ?(sje^(X,s) ; 

(4.17) 

(4.18) 

Tl(s)(x' - X ) ^ ^ , 

+ en in( - ) e 

where 

(4.19) 

e(s) F s 

'^ 2lFR3r. {C, + C £ F ( s ) } 

T l ( s ) = • 
1 + {Cc + C f F ( s )} /C„ 

. ' + 2 ^ ^ {C, + C f F ( s ) } 

(4 .20) 

(4.21) 

F(s ) 
1 + Tl s 

1 + T2S 
(4 .22) 
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E x p e r i m e n t a l da ta and a s s u m p t i o n 5 give the p o w e r g e n e r a t i o n 
r a t e in the c o r e a s 

Qg(X, t) = Qg(t) D(X) , (4.23) 

w h e r e 

D(X) = A s in (BX + C) (4.24) 

and 

i r D(x) dX = 1 . (4.25) 

"A) 

F r o m a s s u m p t i o n 10, the power g e n e r a t i o n r a t e in the i nne r b l anke t 
wil l be 

b Q g ( x . t) = bQg( t ) • (4-26) 

If the coolan t t r a n s p o r t t i m e f rom the i nne r b l anke t ou t le t to the 
c o r e c e n t e r i s denoted as Tj . , the s impl i f i ed t r a n s f e r funct ions of the power 
g e n e r a t i o n r a t e to the c o r e t e m p e r a t u r e s a r e given as fol lows ( see 
Appendix B): 

W^{s) (1 + T-3s)(l + T 3 s ) ( l + T^s) A i j C i + C2S + C 3 S ' } 

Q g ( s ) " {rT%s){l + a i S +(X^S^ +CX3S') (1 + T3S)(1 + T i s ) 

A i { C 4 + C5S + CfeS^ + CyS^ + C s s ^ j 

(l + / 3 , s + P z s ' ) ( l + 7is + 7 2 s ' +73S^) 

^ b S ( ^ ) b^n^b^.^) ^ . (4.27) 

Qg(s) bQg(s) 1 + T^s 

6^(5) Bi (1 +T5 s) (1 + Tl s) e^(s) 

Q (s ) ~ (1 + T^ s ) ( l + T3 s ) ( l + T4 s ) "̂  (1 + T3S)(1 + T4S) Q ( s ) ' ' ^ ' ^ ^ ^ 

e.(s) _ B3 + B4S + Bjs^ 1 en(s) 
~ Bz + 

Q g ( s ) (1 + T2S)(1 + T3S)(1 + T4S) (1 + T3S)(1 + T4S) C ^ ( s ) 
(4.29) 
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w h e r e 

ben(bL.s) (1 + b'Ts s) b M b C n bv) 

bQg ("' (1 + b^as) {(1 + b^3s)(l + ^T^s) + ^ (1 + b^6s)( l + bT,s )} 

(4.30) 

V. POWER GENERATION TO UPPER BLANKET 
TEMPERATURE TRANSFER FUNCTIONS 

F r o m a s s u m p t i o n 6, the t e m p e r a t u r e s of the upper b l anke t a r e d e 
pendent upon the coolant which was p r e h e a t e d in the c o r e . 

Since the r eac t i v i t y effects due to the c ladding and NaK bond t e m 
p e r a t u r e s will be ignored , the b lanke t s lug, NaK bond, and c ladd ing m a y 
be t r e a t e d as one m e d i u m having a s ingle hea t c apac i t y and a s ing le t h e r 
m a l r e s i s t a n c e . The effective hea t t r a n s f e r coeff ic ient of the b l a n k e t s lug 
to coolant is then ca lcu la ted as follows: 

1 ^ 1 fr ,^ 

^ " ' ^ (^Na/^Na) + ( ^ Z r A z r ) + i^M) " ( I / H I ) + i^M) ' ^ ' > 

The coolant and b lanket rod t e m p e r a t u r e s a r e 

^.Cf s ^Sf (x,s) = ^ H ^ l ^ e ^ (X,S) - J)f (X,s) } 27TR, ; (5,2) 

uCn s u^n (X.s) = - u H z j u S n (X.s) - ,^6^ (x ,s )} 27rR, 

^ duen(X'^) 
u U"n d^ 

Solving E q s , (5,2) and (5,3), we obtain 

-*(s)X 

(5,3) 

u n 
(X,s) = K e ^'"^ ; (5.4) 

u9f(X,s) = L - ^ ^ e „ ( x , s ) , (5,5) 



13 

w h e r e 

f{s) = 

K = e,̂  (L,s) 

u^2 f u ^ n 
u C n u V i 2 7 r R , ^H^ 

s + 1 
1 
uCf s 

27TR2 ^ H j 

{7 + ( l -7) | ( s )} 

• r | ( s )L rri(s 

Qp(s) A 

vC„ B 

! l i i l s in (BL + C) - cos (BL + C) 
B 

1 + 
•n(B] 

| ! 1 ^ s ine - c o s c j 

1 + M + b e n ( L b s ) — 
T ' s 

The a v e r a g e v a l u e s of ^d^ix, s) and ^^O^iX, s) wil l be 

1 
uef(s) 

u^n (s) 

1 + 
uCf ^ 

27TR2 ^H2 

u ^ n ( s ) ; 

K 

^ ( s ) 
1 - e 

fi^)n'^\ 9n f^'^) 

l + l i i l , L 
2 ^ 

( 5 . 6 ) 

( 5 . 7 ) 

(5.9) 

The power g e n e r a t i o n r a t e to uppe r b l anke t t e m p e r a t u r e t r a n s f e r 
funct ions m a y be s imp l i f i ed a s fol lows ( s ee Appendix C): 

uSfls) 1 u9n(^) . 

Q g ( s ) ' 1 +"^12^ Q g ( s ) 

u ^ n f ^ ) = ( 1 + Tfls) 

(5,10) 

Qs(s ) (1 + T2s)(l + a i s + a 2 s ' + a , s ) V C„ B 

D. + D7S + Dgs^ + D,s^ + Dios* 1 + Ti2S 

1 + (3is + Pzs" 1 + E . s + E , s^ 
(5,11) 
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VI, POWER GENERATION RATE TO CORE RADIAL DISPLACEMENT 
(DUE TO FUEL BOWING) TRANSFER FUNCTION 

S i n c e t h e f u e l r o d s a r e h e l d r i g i d b y t i g h t e n i n g r o d s a n d r i b s , i t i s 

a s s u m e d t h a t t h e f u e l r o d s a r e n o t b e n t a s a r e s u l t of t h e r a d i a l t e m p e r a 

t u r e d i f f e r e n c e i n t h e c o r e . H o w e v e r , f u e l s l u g s m a y b e b e n t a s a r e s u l t 

of t h e r a d i a l t e m p e r a t u r e d i f f e r e n c e i n t h e c o r e b e c a u s e t h e r e a r e t h i n 

N a K b o n d s b e t w e e n t h e f u e l s l u g a n d j a c k e t . T h e f u e l s l u g s a l s o h a v e f o u r 

r i b s , b u t t h e r e i s a n a p p r o x i m a t e l y 0 , 0 1 2 7 - c m c l e a r a n c e b e t w e e n t h e r i b s 

a n d j a c k e t . S i n c e t h e l o c a t i o n of f u e l s l u g r i b s a r e r a n d o m , t h e m e a n 

v a l u e of c l e a r a n c e b e t w e e n t h e r i b s a n d j a c k e t m a y b e a s s u m e d t o b e 

0 , 0 1 2 7 X 4/7T l o g (1 x v ^ ~ 0 . 0 1 4 2 5 c m . T h e d e p l e t e d u r a n i u m s l u g s 

w h i c h a r e u s e d in t h e u p p e r a n d l o w e r b l a n k e t d o n o t h a v e r i b s , a n d t h e 

c l e a r a n c e b e t w e e n t h e d e p l e t e d u r a n i u m s l u g a n d j a c k e t m a y b e a s s u m e d 

t o b e 0 . 0 3 2 c m . 

T h e b o w i n g of t h e f u e l s l u g o r b l a n k e t s l u g m a y o c c u r i n t h e r a d i a l 

d i r e c t i o n of t h e c o r e . S i n c e t h e l o c a t i o n s of f u e l s l u g a n d b l a n k e t s l u g a r e 

r a n d o m , t h e m a x i m u m c l e a r a n c e s i n v o l v e d i n t h e b e n d i n g of t h e f u e l s l u g 

o r b l a n k e t s l u g a r e 0 , 0 2 8 5 c m o r 0 . 0 6 4 c m , r e s p e c t i v e l y . T h e m i n i m u m 

c l e a r a n c e i s , of c o u r s e , 0 c m . T h e c e n t e r s of t h e f u e l s l u g o r b l a n k e t 

s l u g a r e u s u a l l y n o t l o c a t e d on t h e l i n e of t h e c o r e c e n t e r t o t h e j a c k e t 

c e n t e r . T h i s f a c t d e n o t e s a d e c r e a s e of c l e a r a n c e f o r t h e f u e l s l u g o r 

b l a n k e t s l u g , a n d , f o r c o n v e n i e n c e , t h e e f f e c t of t h i s d e c r e a s e m a y b e 

i n d i c a t e d b y a m u l t i p l i c a t i o n f a c t o r of 1 / 2 . 

A l s o f o r c o n v e n i e n c e , t h e t e m p e r a t u r e d i f f e r e n c e a c r o s s t h e f u e l 

s l u g o r u p p e r b l a n k e t s l u g i s a s s u m e d t o b e c o n s t a n t i n t h e a x i a l d i r e c 

t i o n . W i t h t h i s a s s u m p t i o n a n d w i t h t h e c o n d i t i o n t h a t t h e s l u g s d o n o t 

t o u c h t h e i n s i d e w a l l of t h e j a c k e t , t h e f o l l o w i n g e q u a t i o n s a r e o b t a i n e d : 

d^ r i * ^ d f 
- - 4 = - - - — m t h e c o r e 0 < X S L ; ( 6 , 1 ) 
dx d \ I 

d^r , u t t u ^ d f . , 
r ; m t h e u p p e r b l a n k e t L ^ X = ^ L + L ) ( 6 , 2 ) 

dX d u ' ^ ' 

T h e b o u n d a r y c o n d i t i o n s of E q , ( 6 , 1 ) a n d ( 6 , 2 ) a r e a s f o l l o w s : 

r i = 0 a t X = 0 a n d X = L + ^ L ; 

^ drj 
^1 a-nd — - a r e cont inuous at X = L 
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T h e so lu t i ons of the E q s , (6,1) and (6,2) m a y be w r i t t e n a s fo l lows: 

a.e 
r i 

r i 

df 
2d 

„a„e 

X^ + NiX at 0 < X < L 

u'^u^df 

2ud 
X^ + N2X + N3 at L < X < L + u L 

•where 

N, 
o^dfL (O'^df " u°^u%f) 

^df 
V ' 2 (L + ^ L ) / 

u P^u^df (1" + uL) 
2C(,e^£ L 

N , 
aSjjjL "tfa^df (L + uL) (ot^df - u « ' u % f i / L 

2 cx0(jf L 2 a ( df ( L + „ L ) 

_ aSdfL ( a e d f " u ° ^ u % ) 
N3 = - - — 

2 a t df 

(6.3) 

(6,4) 

(6,5) 

(6.6) 

(6 ,7) 

A s s u m i n g tha t the r e a c t i v i t y change due to bowing of the fuel s lug 
h a s the s a m e weight ing function a s that of the t e m p e r a t u r e d i f f e r e n c e , t he 
effect ive d i s p l a c e m e n t of the fuel s lug due to bowing wil l be 

7i (s) = 4 - f r i ( x , s) A s i n ( B X +C) dX 
^ Jo 

{ ^ - ' ^ ( ^ ^ + ^) - (BI : -54:3 )COS(BL + C) 
a S j f ( s )L A 

B3L3 
COS C 

+ N iLA \ ^ ^ s in (BL + C) - - ^ cos (BL + C) - r^rTTT s in C 
2 L 2 BL B2L2 } (6 ,8) 

A c c o r d i n g to a s s u m p t i o n 13 ,_edf(s ) and uedf(s) a r e p r o p o r t i o n a l to 
9f(s) and e'£(s), r e s p e c t i v e l y . Now 9 | (s) is g iven as (see Appendix D) 
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1 r^ 
3f(s) = L I e f (X.s ) dX 

•^0 

(1 - 7 ) Q a ( s ) B3 + B4S + B5S2 

Cf (1 + T 2 S ) ( 1 + T 3 S ) ( 1 + T4S) 

Q g ( s ) (1 + Tss) 

vCj^B (1 + :^2s)(l + a i s + a , s ^ + a j s ^ ) 

" ( 1 + T 5 S ) ( F 2 + F4S + FsS^) F 3 ( l + T5S) {1 + ( T 3 + T 4 ) s + T3T4S^ } 

(1 + T , s ) ( l + T 3 s ) ( l +T4S) (1 + T2S)(1 + PlS + PiS^ 

(6.9) 

E q s , (5,11), (5.12),(6,9), and a s s u m p t i o n 13 show tha t t he r a t i o of 
^Sdf and 9(31 at the s teady s ta te is cons tan t and independent of the s t e a d y -
s t a t e power . The devia t ion of fue l - s lug d i s p l a c e m e n t is t h e r e f o r e p r o p o r 
t ional to the devia t ion of a v e r a g e fue l - s lug t e m p e r a t u r e . 

The condit ion that each s lug does not touch the j acke t wal l is g iven 
by the following equat ion, b e c a u s e the c l e a r a n c e be tween the b l anke t s lug 
and j acke t wal l is v e r y l a r g e c o m p a r e d with the c l e a r a n c e b e t w e e n the fuel 
s lug and j acke t . 

( L s ) ( I + T5S) 1 

J s ) ~ ( l + f , s ) ( l + T 3 s ) ( l + T4s) VC„B , , L s ( l ± : ! i f ) ( i ± I l ^ V 
S V (1 + T3S)(1 + T , S ) ; 

(1 + T t s ) ( l + T 7 s ) - f - D3 

(1+T3S) ( -1+T4S) ^ 1 J " ^ + (1 + T , S ) ( 1 + T , S ) 

+ ° 4 + (1 + T , s ) ( l + T , s ) 

^ ^ °^ ( 1 + T 3 S ) ( 1 + T 4 S ) ^ 

bQg(B) b S n ( b L s ) 1 ^ 

^Qg(s ) \(i(s) ' 1 + T^ 

( 6 . 1 0 ) 

(1 + T8s)(l + T3s)(l + T,s) (A/vCnB)(D6 + D7S + Dgs' + 0 , 3 ^ DipS^} 

~ (1 +T2S) (1 + a , S + a j S ^ t ttjs^) (1 + PiS + P2S^)(1 + T3S)(1 + T^s) (6.11) 

The condi t ion r e p r e s e n t e d by Eq. (6,10) or (6.11) m a y b e s a t i s f i e d 
at the s t e a d y - s t a t e power level of l e s s than P i m , P^^, and P 3 ^ for flow 
r a t e s of 291 gpm, 200 gpm, and 100 gpm, r e s p e c t i v e l y . 

If a fuel s lug touches the jacke t wal l , the bowing of the fuel s lug 
migh t have l i t t l e effect on the devia t ion of a v e r a g e fue l - s lug d i s p l a c e m e n t 
b e c a u s e , when a fuel s lug touching the j acke t bows toward the c o r e c e n t e r ' 



the ends of the s lug wi l l d i s p l a c e the ad jacen t s lugs above and be low it in 
the oppos i t e d i r e c t i o n , and th i s effect and the bowing effect tend to c a n c e l 
e a c h o t h e r . 

At the flow r a t e of 291 gpm and the s t e a d y - s t a t e power l eve l P i , the 
p r o p o r t i o n of the fuel s lug that does not touch the j a c k e t wal l m a y be c o n 
s i d e r e d a s ( P i m - P i ) / P i m at P i < P i ^ o r 0 a t P i > Pim^ S i m i l a r r e l a t i o n s 
m a y be ob ta ined at d i f fe ren t flow r a t e s . 

F r o m the r e a s o n s m e n t i o n e d above , the t r a n s f e r funct ion of power 
g e n e r a t i o n to fuel r o d s d i s p l a c e m e n t i s as fo l lows: 

- i ( s ) 'f^ - ^ O , (6.12) 

Qg(s) Qg(s) 

w h e r e i i s 1, 2, or 3 c o r r e s p o n d i n g to the flow r a t e of 291 gpm, 200 gpm 

or 100 gpm, r e s p e c t i v e l y . 
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9f(s) _ (1 - 7 ) 

Q„(s) Cf B2 

B2(B3 + B4S + Bss^) 

(1 + T,s)( l +T3S)(1 +T4S) 

1 + T,S 

(1 + T2S)(1 + O-iS + a^S^ + CC^s^) L (1 + T^s)(l + T3S)(1 + T4S 

B2/vCnB 

1 - 7 

(1 + T5S)(F2 + F4S + F5S^ 

F3(l + T5S){1 + (T"3 + T4)s + T3T4S^} 

(1 +?2S)(1 +|3iS +P2S^) 

aL^A edf(^) 
2 d (s) (B^L^ 

s in (BL + C) 

(6,13) 

+ (— - - i - r ' j c o s (BL + C) 
V 2 BL B^L^/ 

1 

1 -

B^L 

U « T A 

a 9^ 

B^L^ 
cos C 

2 ( L + „ L , 
u"-u^f 
2a e. 

(L + ^L) 

I -J— s i n (BL + C) - - ^ cos (BL + C) - r^TJ s in C \-
X L ^ B ^ BL ii ^ J 

(6,14) 

eUs) 
u^df (s) 

ef(s) 
d G , 

u " f 

(6,15) 



The cons tan t G2 is g iven by 

_ _ (fuel- or blanket-slug temperature gradient for the radial direction of core) 
• ^ 2 - (average fuel or blanket slug temperature) (6 16) 

F r o m a s s u m p t i o n 2, the r a d i a l t e m p e r a t u r e d i s t r i b u t i o n in the c o r e 
is s i m i l a r to the r a d i a l power d i s t r i b u t i o n . Since the u p p e r b l a n k e t - s l u g 
t e m p e r a t u r e is dependent upon the coolan t which was p r e h e a t e d in the c o r e , 
the r a d i a l t e m p e r a t u r e d i s t r i bu t i on in the uppe r b l anke t £s a l s o s i m i l a r to 
the r a d i a l power d i s t r i bu t ion in the c o r e . The c o n s t a n t G2 i s , t h e r e f o r e , 
obtained f rom the e x p e r i m e n t a l da ta for the f i s s i on s p e c t r u m in the c o r e . 
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VII. P O W E R GENERATION R A T E TO CORE RADIAL D I S P L A C E M E N T 
(DUE TO T H E R M A L EXPANSION) T R A N S F E R FUNCTION 

Since the c o r e and b lanke t a s s e m b l i e s a r e he ld by the c o r e c l a m p , 
the p r e s s u r e of the con tac t i ng s u r f a c e s of any ne ighbor ing two h e x a g o n a l 
t u b e s is b a l a n c e d . If the hexagona l t ubes in the c o r e expand r a d i a l l y due 
to t e m p e r a t u r e r i s e , the h e x a g o n a l tube in the inner b lanke t will c o n t r a c t 
and the p r e s s u r e of the con tac t i ng s u r f a c e s of c o r e hexagona l tube and 
i n n e r b l anke t h e x a g o n a l tube will r e m a i n b a l a n c e d . 

Since the s a m e kind of hexagona l tubes a r e u s e d in the c o r e and 
i n n e r b l anke t , the t h e r m a l e x p a n s i o n of the hexagona l tubes in the c o r e 
wil l a m o u n t to a f r a c t i o n (R4 - R 3 ) / R 4 of the f ree expans ion . 

The t e m p e r a t u r e of the hexagona l tube is dependen t on the t e m 
p e r a t u r e of coo lan t flowing in the channe l p a r t l y f o r m e d by the hexagona l 
t u b e . Th i s t e m p e r a t u r e i s c a l c u l a t e d f r o m the following e q u a t i o n s : 

C f s e f ( x , s ) = Qg(l - 7 ) - Qc 

C c s e c ( X , s ) = Qc - ( Q n - 7 Q g ) 

Q n - 7 Q g = 27TR2H2{e^(x,s) - en(X-s)} 

Qn ^sen(x ,s ) + v C n l M ^ ' + H3{e„(x,s)-e^(x,s)} 

Cts et(x,s) +H3 {en(x,s) - e t (x .s ) ) 

(7.1) 

(7.2) 

(7.3) 

(7.4) 

(7.5) 

F r o m E q s . (4.12) and (7.1) t h r o u g h (7,5), the 0^ ( x , s ) a r e (see Appendix E ) 

3n(X,s) = {7 + ( l - 7 ) ? ( ^ ) } ^ r 
n Jg 

eJx.s) 

^ Q . ( X ' , s ) e ^ ( ^ H x ' - X ) , , , 

t(X,s) TTJCJH,) S 

(7,6) 

7,7 

w h e r e 

as) v C . 
C„ + n •" 1 + (Ct/H3) s 

1 + 

C^ + CfF(s) 

27TR2H2 
{Cc+Cf F ( s )} 

7,8 

By us ing a p r o c e d u r e s i m i l a r to that in Sect ion IV, we m a y c a l c u l a t e 
t h a t the power g e n e r a t i o n r a t e to hexagona l tube t e m p e r a t u r e t r a n s f e r 
funct ion is (see Appendix F) 



et(s) H i d + T8S)(1 + T3S)(1 + T4S)(1 + 7-13S) 

Q g ( s ) (1 + ? 2 s ) ( l + ^ i s + '^Z^^ + 7 3 s ' + 7 4 S * ) 

H2 + H , s + Hes^ + H , s ^ H4{1 + "^3 + ^4)^} ( l + ^ u s ) 

6 , s + 6 ,s2 + 63S3 ( 1 + T 3 S ) ( 1 + T4S) (1+ T,3S) 1 + 61 

| l + ( T 3 + T 4 ) s y ( l + T „ s ) ^ 1 - H 3 + H 1 0 S + H i i S ^ + H i 2 S 

1 + 7 i s + 72S2 + 73S^ + 7 4 3 - * 

b Q . ( s ) b e n ( b L . ^ ) 1 

1 + 6,s + 6,s2 + 6 ŝ  

(7,9) 
"Qg(s) j^Qg(s) 1 + T^s 1 + T13S 

The r ad ia l d i s p l a c e m e n t r2 of the c o r e due to hexagona l tube t e m 

p e r a t u r e is 

R4 - R3 
R3 et(s) 7,10 

ss 

The power gene ra t i on r a t e to co re r a d i a l d i s p l a c e m e n t due to the 
t h e r m a l expans ion t r a n s f e r function i s , then, 

2(s) 

Qg(s ) R4 
¥/c 

ss 

et(s) 7,11 

VIII. ESTIMATION OF THE REACTIVITY C O E F F I C I E N T 

1. Coolant T e m p e r a t u r e Coefficient in the Core 

The reac t iv i ty is r educed by the d e c r e a s e in coolan t d e n s i t y . The 
t e m p e r a t u r e coefficient of the coolant c a l c u l a t e d for the E B R - I M a r k III^"^' 
was a s s u m e d to be the same for the E B R - I Mark IV. Then, 

K , 1.4 X 10"" AK/K/°C (8.1) 

If the effect of NaK t e m p e r a t u r e in the NaK bond is c o n s i d e r e d in 
the t e m p e r a t u r e effect of the j acke t , the effect ive coo lan t t e m p e r a t u r e 
coefficient will be 

an -anb 0.1768 , , ,„ 
^ 7 - = ^ n ^ : i J ^ - 1-OX 1 0 - ^ A K / K / ° C (8.2) 
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2, Fuel Temperature Coefficient in the Core 

The fuel tempera ture coefficient is considered as the sum of two 
effects: l) the increase of core height due to axial fuel expansion may 
reduce the reactivity, and 2) the decrease of NaK volume in the NaK bond 
due to radial fuel expansion may reduce the reactivity. Effect 1) was e s 
timated for EBR-I Mark IV from the calculations for ZPR-III to be 

Kf ~ - 3.01 X 10"^ A K / K / ° C . (8.3) 

Effect 2) can be calculated as follows: 

af[A.e/.e/°C]p^ X 2 ^ 0.2727 X 12.5 X 10"^ X 2 
^h^^n a , [Ap/p/°C]NaK ^ ^ " 0 .2387X3X10"* 

=; - 0.14 X 10- ' A K / K / ° C . (8-4) 

The effective fuel tempera ture coefficient is , therefore, 

Kf = Kf̂  +Kf^ ~- 3.15 X 10-* A K / K / ° C . (8.5) 

3. Jacket and NaK Bond Temperature Coefficient 

In the analysis , the jacket and NaK bond a re considered together, 
so their tempera ture coefficient must be considered together. 

The tempera ture coefficient of the NaK bond is 

K„b = Kn — ~ - 0 .4X10-* A K / K / ° C . (8.6) 
an 

The reactivity effect due to the jacket temperature is s imilar to 
effect 2) of the fuel tempera ture , and it can be calculated as follows 

aj [ A , e A / ° C ] ^ r ^ ^ ^ 0,1183 X 9,6 x 10-* x 2 
K-J = ^ n a„[Ap/p/°CjNaK " " 0,2387X 3~X 10"* 

= - 0.045 X 10-* A K / K / ° C . (8,7) 

The effective jacket tempera ture coefficient will be 

Kj = K n b + K z j ~ - 0,445 X 10-* A K / K / ° C . (8.8) 

4. Reactivity Coefficient of the Radial Displacement of Core 

The reactivity coefficient of the radial displacement of core may be 
given as follows: 



AK/K 1 

Kd = - ^ 7 - = 2 '^hjriJU^^]^^^c ' 12.5 X 10-° X 9.037 

= - 5.319 X 10-^ A K / K / A r . (^•'^^ 

5. T e m p e r a t u r e Coefficients of Upper Blanket Coolant and Blanke t Slug. 

The t e m p e r a t u r e coeff ic ients of the upper b lanke t coo lan t and 
blanket slug w e r e ca l cu l a t ed for the E B R - I Mark IIL^-^' and the a s s u m p t i o n 
was m a d e that they have the s a m e va lues for EBR"! M a r k IV. Then , 

^K-„ = - 0.2 X 10-* A K / K / = C (8,10) 

and 

^Kf = - 0,23 X 10-* A K / K / ° C . (8-11) 

6. Check on the E x p e r i m e n t a l Resu l t s for I s o t h e r m a l Reac t iv i ty 

Coefficient. 

The i s o t h e r m a l r eac t iv i ty coeff icient was m e a s u r e d a s 
31.5 X 1 0 - * A K / K / ° C , 

This coefficient inc ludes the effects of c o r e r a d i a l e x p a n s i o n , l o w e r 
blanket t e m p e r a t u r e r i s e , and inner blanket t e m p e r a t u r e r i s e , but does not 
include the fue l -s lug bowing effect. 

The c o r e r ad ia l expansion t e m p e r a t u r e coeff ic ient i s then c a l c u l a t e d 

Ai / i ' , / °C lcc _ ,,., 18 X 10"* 
^^ ^ ^ ^ M A . A > C K ^ ^ ^ ^ . T ^ : ^ O - ° 

= 8,67 X 10"* A K / K / ° C . (8,12) 

The lower blanket t e m p e r a t u r e coeff ic ient is ob ta ined a s 

l ^ n = u K n T T l l ^ " 0-092 X 10-* A K / K / ' C ; (8,13) 

iKf = uKf 7 ^ = ^ - 0,105 X10-* A K / K / ° C . (8.14) 

The inner blanket t e m p e r a t u r e coeff ic ient was c a l c u l a t e d for the 
EBR I Mark 111.(2) ^^^ s a m e va lue was a s s u m e d for the EBR"! M a r k IV. 
Then, 
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K „ = - 2.262 X 10-* A K / K / ° C ; 
b'^n 

.15 

bKf = - 1.793 X 10-* A K / K / ° C ; (8-l6) 

.af[ A,e/.e/°C]u X 2 0,6714 X 14 X 10'* X 2 
bKf2 = Kn . ^ j A p / p / ' C j ^ a K ^ ^ ^ " 0.2632 X 3 X 10"* 

= - 0.539 A K / K / ° C . (8.17) 

The blanket radial expansion temperature coefficient is 

[ A V - « / ° C ] S S 18X10"* , , ^ / ^ / o r -
K - 2 Kr / / = 2 Kf rr = - 0.593 X 10-* AK/K/ C ; 

u ^ r - 2ul^f [A£ /£ / °C]u " ^ 14 X 10 * 
(8,18) 

K - 2 K [^A/y-^¥ - 2,K, '^ ^ ^ ° ' ' = - 0,264 XlO-* A K / K / ' C ; 
I ^ r - 2jKf [ A i / Z / o c J u 1 ^ 14 X 10-* 

(8,19) 

K - ZKKr [^V^/°C]SS = z^K, ^^ ^ ^"I^ = - 4,609 X 10-* A K / K / ° C , 
b ^ r - 2bKf [ ^ ^ / ^ / o ^ ] ^ ^b^f 14 ^ 10 ' 

(8,20) 

and the isothermal temperature coefficient is 

Kit = Knc + Kf + Kj + ^K„ + ^Kf + K ^ + iK^ + iK^ + ^K^ 

+ bKfi +bKf3 + u K r + l K r + fK r 

= -23,952 XlO-* A K / K / ° C • (8-21) 

Since the calculated values a re not too different from the experi
mental value, the calculated values a re used in the analysis. 

IX. BLOCK DIAGRAM OF EBR-I MARK IV TRANSFER FUNCTION 

The block diagram of the transfer function is shown in Fig. 9.1. The 
transfer function for each block listed in Table 9.1. 
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Fig. 9.1. Block Diagram of the Transfer Function 
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T a b l e 9.1 

T R A N S F E R FUNCTIONS INDICATED IN FIG, 9,1 

, , ^ H i ( l + T8S)(1 + T3S)(1 + T4S)(1 + T13S) 

'^^' ' (1 + T2S)(1 + 71S + 72S2 + 73S^ + 74S*) 

- H 2 + I I , s + HgS^ + H , s ^ 

^^^^' " (1 + T 3 S ) ( 1 + T 4 S ) ( 1 + T13S) 

^ ( ) ^ H4 { 1 + ( T 3 + T 4 ) S } ( 1 + T13S) 

'^^' I + 61S + 6 , s ^ + 638^ 

r ( ) = { 1 + ( T 3 + T 4 ) S ' ( 1 + T I 3 S ) ^ 

' - ' " 1 + 7 i s + 7 2 s 2 + 7 3 S ^ + 7 4 S * 

^ , , 1 - H5 + H I Q S + H i , s ^ + Hi2S^ 
Gr:(s) = 5 : ^ 

1 + 61S + 628^ +0,S^ 

( b Q g / Q g ) ( b L / b C n b v ) ( l +bT"8s) 

{(1 + b T 3 s ) ( l + b T 4 s ) + b ' ^ o / 2 s ( l + b T 6 s ) ( l + b ' ^ 7 s ) } 

1 

(1 + b T ^ 2 s ) ( l + T r s ) 

G j s ) 

07(5 ) 

( l + Tgs) 

' ~ ( 1 + f 2 s ) ( l + a i s + a 2 S " + a j s - ^ ) 

G i o ( s ) = A i ( C 1 + C 2 S + C ' , s ^ ) 

(1 + T3S)(1 + T4S) 

^ ' ' ^ ' ' = (l + PiS + 3,S^) 

(S) = C4 + C5S + Cfes ' + C'yS^ + CgS^ 

'^ 1 + ttjs + ttzS^ + ajs- ' 

B i ( I + T3S) 

* ^ " * ^ ' " ( l + f 2 s ) ( l + T 3 s ) ( l + T4s) 

, , (1 + Tis) 
G,4(s) (1 + T3S)(1 + T4S) 



T a b l e 9 , 1 , ( C o n t d , ) 

G i5 ( s ) 
B2 ( B 3 + B 4 S + B 5 S ^ ) 

( 1 + T 2 S ) ( 1 + T3S)(1 + T 4 S ) 

1 

(1 + T3S)(1 + T4S 

Gi7( s ) 
A D^ + D7S + DgS^ + D , s ^ + D I Q S 

V C ^ B ( 1 + E i S + E 2 S ^ ) ( 1 + /3iS +/32S^) 

G i8 ( s ) = (I + T12S) 

{Cf 6 2 / ( 1 - 7 ) } ( l / v C n B ) ( l + T5S) (F2 + F4S + F j S ^ 

'^''^^' ^ ( l + f 2 s ) ( l + T 3 s ) ( l + T4s) 

!r.c R./d --yUn/v r._R) 
G2o(s) 

(Cf 62/ (1 - 7 )}( l /v CnB)( l + Tgs)F3{l + (T3 + T j s + r.T^s^} 

(1+T2S)(1 + /3lS + /32s2) 

X, DISCUSSION O F THE ANALYSIS 

The ana ly t i ca l r e s u l t s for s e v e r a l flow r a t e s at 1200-kw o p e r a t i o n 
a r e shown in Fig , 10 ,1 , The e x p e r i m e n t a l r e s u l t s for a flow r a t e of 280 gpm 
and a power level of 1200 kw a r e given in F ig , 10,2, 

An inspec t ion of F ig , 10,1 and 10,2 r e v e a l s that the a n a l y t i c a l r e 
sul ts a r e c h a r a c t e r i z e d by a s h a r p r e s o n a n c e which c o n t r a s t s with the 
b r o a d e r r e s o n a n c e noted e x p e r i m e n t a l l y . This s h a r p r e s o n a n c e is c o n 
s i d e r e d as follows: 

(1) In Appendix F , the a p p r o x i m a t i o n of the te 
1 + {(:(s)/Bi\ 

in Eq. ( F . l ) is sufficiently exact . The a p p r o x i m a t i o n of the t e r m e" ' ^ ( s )L 
in the equation, however , is insuff icient ly exac t . In p r a c t i c e , when the 
denomina to r of Eq, ( F , 1 ) goes to z e r o at s o m e f r equency , the n u m e r a t o r 
a l so goes to ze ro and the l imi t ing value of th i s equat ion is f ini te at tha t 
f requency . In the a p p r o x i m a t e equat ion, Eq, (F ,7) , h o w e v e r , t h i s r e l a t i o n 
is not sa t isf ied and the f requency a t which the d e n o m i n a t o r goes to z e r o 
is not the s ame as that at which the n u m e r a t o r goes to z e r o , 

(2) In the app rox ima te equa t ions (B,16) , ( C , l ) , and ( D , l ) , the s a m e 
p r o b l e m s as d i s c u s s e d in ( l ) a l so a p p e a r . 

If the following equat ions a r e u s e d i n s t e a d of the E q s . (B.16) , ( C . l ) , 
(D. l ) , and (F,7) , such p r o b l e m s m a y be avoided . 
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e n ( s ) __ 1 + Tgs A I A Q b Q g ( s ) b 9 n ( L . s ) 1 

Q „ ( s ) " ( l + f 2 s ) ( l + - r 6 s ) ( l + T^s) 1 + T ( ^ s "̂  Q ( s ) b Q g ( s ) 1 + T ^ s 

6 n ( L s ) (1 + Tgs) Df, A / ( v C n B ) 

Q f ( s ) ~ (1 + f 2 s ) ( l + T 6 s ) ( l + T^s) 1 + T j s 

Q f ( s ) ~ 

1 0 , 1 

( 1 0 , 2 ) 

l - 7 ) Q g ( s ) B3 + B4S + B5S 

Cf ( 1 + T 2 s ) ( l + T3S)(1 + T4S) 

Q „ ( s ) ( l + T 5 s ) ( l + T8s ) ( F 2 + F 3 ) / v C n B 

"̂  ( l + f 2 s ) ^ ( l + T 3 s ) ( l + T4S) (1+ T t s ) ( l + T7S) ( 1 + T . y s ) 

( 1 0 , 3 ) 

H i d + T j s ) Wo . b Q g ( ^ ) + Q g ( s ) ( l + f 2 s ) ( l + h i S + h 2 s 2 + h 3 s 3 ) 1 + T i j S Q g ( s ) 

b Q n ( L , s ) 1 1 

• b Q g ( « ) 1 + T-yS 1 + Tj3S • 

• w h e r e 

Ao = - A2 + A4 - Ais + 1 ; 

Ta = ( -A2 + A4 - A5 + 1) T10VA3 ; 

_ Tio^ (D4 + D5) . 

"̂ 13 ~ D1D2 

( F 2 + F 3 ) T I O . 

( 1 0 , 4 ) 

^7 - F ^ -

Ho = - H 2 + H4 - H5 + 1 ; 

T16 = ( H O V ) / H 3 • 

T h e a n a l y t i c a l r e s u l t s o b t a i n e d a r e s h o w n i n F i g , 1 0 , 3 a n d 1 0 , 4 , 

F i g u r e 1 0 . 5 g i v e s t h e a n a l y t i c a l r e s u l t s w h e n t h e h e x a g o n a l - t u b e e x p a n s i o n 

e f f e c t i s n e g l e c t e d . A c o m p a r i s o n of F i g . 1 0 , 4 a n d 1 0 . 5 r e v e a l s t h a t t h e 

s m a l l e r r e s o n a n c e o r i g i n a t e s a s t h e r e s u l t of h e x a g o n a l - t u b e e x p a n s i o n . 

T h e d a t a of F i g . 1 0 . 3 d e m o n s t r a t e t h a t t h e m o s t s e n s i t i v e f a c t o r 

a f f e c t i n g t h e t r a n s f e r f u n c t i o n i s r e a c t o r p o w e r . A c c o r d i n g t o F i g , 1 0 , 2 

a n d 1 0 , 4 , t h e a n a l y t i c a l a n d e x p e r i m e n t a l r e s u l t s f o r t h e r e s o n a n c e 

f r e q u e n c y a n d f o r t h e s h a r p n e s s of t h e t r a n s f e r f u n c t i o n a m p l i t u d e a t 

t h e r e s o n a n c e f r e q u e n c y d i f f e r . 



The reasons for these differences a r e : 

(a) As discussed in Section VIII, the theoretically derived values 
of the temperature coefficients used in the analysis a re smal ler than those 
measured experimentally. In addition, in estimating the isothermal t em
perature coefficient (see Section VIIl), the calculated component of the core 
radial expansion was based on free expansion although in pract ice the outer 
periphery of the inner blanket was constrained. This means that theoret
ically derived temperature coefficients a re smaller than those measured 
experimentally. For this reason the gain at low frequencies for the ana
lytical treatment is larger than that determined experimentally. 

(b) Since Eqs. (lO.l) through (10,4) are simple approximations, 
resonance effects will be restrained, 

(c) In the analytical treatment it was assumed that fuel-rod d i s 
placement is dictated by hexagonal-tube expansion. Thus, it is reasonable 
to assume a like time delay for hexagonal-tube expansion and fuel-rod 
displacement. In addition, if the hexagonal-tube expansion is not equal 
axially, then the relationship between the hexagonal-tube expansion and 
fuel-rod displacement becomes a very complicated phenomenon because of 
the elasticity and rigidity of the fuel rods. Accordingly, the t ime delay 
mentioned above will not be approximated by a simple f i r s t -order t ransfer 
function. If this time-delay effect is applied to the analysis, the resonance 
frequency would tend to decrease and would be closer to that of the experi
mental result, 

(d) Since the tightening action of the core clamps may not be uniform 
axially and the hexagonal tubes of the inner blanket conceivably could bend, 
this possibility suggests that the expansion of the hexagonal tube may be 
larger than that given by the analytical value. Under these c i rcumstances , 
the hexagonal-tube expansion effects would then be more significant than 
those given by the analytical treatment and would tend to decrease the gain 
at low frequencies for the same reason as in (a). 

For example, if the time delay for radial expansion of the core 
is assumed, it is to be as follows: 

displacement of fuel rod _ 1 
displacement of hexagonal tube (l + Ts)^ ' \ • I 

where 

T - / s / T - 1 

and the reactivity coefficient due to radial expansion of the core is assumed 
to equal successively: (l) the calculated value, (2) two t imes the calculated 



value, and (3) three t imes the calculated value; the analytical results a re 
shown in Fig. 10.6. As can be seen, when the reactivity coefficient is 
assumed to be three t imes the calculated value, the calculated t ransfer 
function shows very close agreement with that obtained by experiment. 
This would also indicate that the above discussion is reasonable. 
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XI, CONCLUSIONS 

The ana ly t i ca l r e s u l t s d i s c u s s e d above p e r m i t the fol lowing 

c o n c l u s i o n s : 

(1) E B R - I M a r k IV is s t ab l e u n d e r d e s i g n e d cond i t i ons of p o w e r , 

flow, and in le t t e m p e r a t u r e . 

(2) The s m a l l r e s o n a n c e is c a u s e d by the r a d i a l e x p a n s i o n of t he 
s t a i n l e s s s t ee l hexagona l t u b e s . The m a g n i t u d e of the r e s o n a n c e cou ld be 
r e d u c e d by i n c r e a s i n g the t h i c k n e s s of the h e x a g o n a l t u b e s in the i n n e r 
b l anke t . 

(3) D e c r e a s e s in coolant flow r a t e tend to i n c r e a s e i n s t a b i l i t y . 

(4) The a p p r o x i m a t e e x p r e s s i o n s of Sect ion X a r e m o r e conven ien t 
than t hose of E q s . (B.16), (C , l ) , ( D , 1 ) , and ( F , 7 ) , and a r e suf f ic ien t ly exac t 
for a p r e l i m i n a r y e s t i m a t e of the r e a c t o r t r a n s f e r funct ion. 

Since the ana ly t i ca l t r e a t m e n t p r e s e n t e d above was s p e c i f i c a l l y 
app l ied to r e s u l t s obta ined with E B R - I M a r k IV, the s a m e f eedback m e c h 
a n i s m s m a y not n e c e s s a r i l y apply to o t h e r s y s t e m s . F o r e x a m p l e , if the 
c o r e s i z e w e r e c o n s i d e r a b l y l a r g e r than that of E B R - I M a r k IV, t he Dop
p l e r feedback m a y not be neg l ig ib l e . If the fuel r o d s w e r e not he ld t igh t ly , 
the effects of f u e l - r o d bowing m a y s ign i f ican t ly affect the s t a b i l i t y . If c o r e 
suppor t m e m b e r s a r e l oca t ed in the c o r e out le t coolan t flow, t h e r m a l -
expans ion effects in t h e s e m e m b e r s m a y be i m p o r t a n t . H o w e v e r , such 
effects a r e s u s c e p t i b l e to t r e a t m e n t in a m a n n e r s i m i l a r to tha t g iven 
above . 

In the ac tua l e v a l u a t i o n s , v a l u e s of the ax ia l and r a d i a l p o w e r g e n 
e r a t i o n w e r e d e t e r m i n e d e x p e r i m e n t a l l y . H o w e v e r , t h e s e v a l u e s m a y be 
c a l c u l a t e d with an a c c u r a c y sufficient for t r a n s f e r funct ion a n a l y s i s . 

Dur ing the d e s i g n pe r iod , s i m i l a r p r o c e d u r e s could be a p p l i e d to 
the a n a l y s i s of spa t i a l ly independent t r a n s f e r funct ion of l iqu id m e t a l -
cooled fast r e a c t o r s . 
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A P P E N D I X A 

F r o m E q s . (4,12) t h r o u g h (4,16) the following equa t ions a r e ob ta ined : 

. . F ( s ) ( l - 7 ) Q (X.s) - s{C^ + C f F ( s ) } e n ( X , s ) 

Q n ( X , s ) - 7 Q g ( X , s ) = 1 + s{Ce + CfF(s)}/2^R2H2 ^ ^^- '^ 

{QjX,s) - 7 Q (X,s)} 
(A, 2) 

ef(x,s) = 

d g n ( X . 5 ) 

dX 

(1 - 7 )Qg(X, s ) - {Qn(X,s) - 7 Q g ( X , s ) } - sCc 9c(X.s) 

+ Qn (X,s) 1 + 

Cfs 

{C^ + C f F ( s ) } / C ^ 

(A.3) 

7 Q ^ ( X , s ) ( l - 7 ) Q g ( X , s ) F ( s ) / ( v C j 

vCn 
1 + 

27TR2H2 
{Cc + CfF(s)} 

(A.4) 

Solving Eq. (A.4), 0 n ( X , s ) i s g iven by 

ejx,s) = {7+ (i-7)e(s)} 
vC„ 

Q , ( X ' , s ) e ^ ( ^ ' ( > ^ ' - > ^ ' d X - (A, 5) 



A P P E N D I X B 

F r o m the a s s u m p t i o n s 5 and 3 l i s t e d in Sect . II, the p o w e r g e n 
e r a t i o n r a t e in the fuel r o d s in the c o r e is r a d i a l l y independen t , and the 
effect ive a v e r a g e c o r e t e m p e r a t u r e s a r e deno ted by the equa t i ons 

n̂(̂ ) = t D(x) e^(x,s) dX 

{7 + ( l - 7 ) ? ( s ) } Q g ( s ) A^ 1 

,C„ B L 
1 +< 

•0(s)L T](s){sin 2 ( B L + C ) - s in 2C} 
2 4B 

s in^(BL + C) + sin^C - T ) ( S ) L 

• T ) ( s ) L 
1 - e " " ' ^ j c o s B L + 

+ e '̂  ' s i n ( B L + C) s in C 

ri(s) 
s in B L 

1 + m 
+ b^nb^^^)^"'^'"'' ^ fc°^ = - =°^ (BL + C)} ( B , l ) 

9^(s) = — I D(X) 9^(X,s) dX 

( l - 7 ) g ( s ) Q g ( s ) A ^ f 1 s i n 2 ( B L + C ) - s in 2C ' 

2TTR2H2 1 2 4 B L 

3n(s) 

1 + 
27TR2H2 

{Cc + CfF(s)} 
(B,2) 
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Sfls) = - - D(X) Sf (X,s) dX 

(1 - 7)Q (S)A4-:1- - |(s)(-L + ^l )] 
5 IG£S \CfS 2 7 T R 2 H 2 C £ / J 

x J — s in 2 (BL + C) - sin 2 C 

l 2 ' 4 B L 

F(s ) e^(s) 

- f (s) 

1 + f(s) 

1 + 
s 

2 T : R 2 H 2 
{Cc + CfF(s)} 

(B 

(B 

3) 

4) 

1 - e-^(-) . ^ f(s) 

f(s) " " ^ 
(B.5) 

1 +-

The p o w e r g e n e r a t i o n r a t e to c o r e t e m p e r a t u r e t r a n s f e r funct ions 

is ob ta ined : 

en(s) 1 + T . s 
" ~ ^ :: 2z : 

Q „ ( s ) ' ( 1 + T 2 s ) ( l + T 3 s ) ( l + T , s ) J ( 1 + T ^ s ) ( l + T , s ) 

^ ' ^ V " ' ( 1 + T 3 S ) ( 1 + T , S ) 

- A , + A3S 
_ ( 1 + T6S)(1 + T , S ) A„ 

( 1 + T 3 s ) ( l + T , s ) , , .^ ( 1 + T ,S) (1 + T7S) 

^ ^ ^ ° " ( 1 + T 3 S ) ( 1 + T 4 S ) 

1 + 
r (1 + 
i"-^ (IT 

T6S)(1 + T7S) 

T 3 s ) ( l + T^s) 

1 -
A5 + A^S 

1 + ToS 
( 1 + T6S)(1 + T7S) 

( 1 + T 3 s ) ( l + T ^ s ) J _ 

h^sM b M L b ' S ) 1 
+ s. 

Qg(s) 

Q g ( s ) b Q g ( s ) 

B i ( I + T5S) 

1 + T,.s 

(1 + Tis) e^(s) 

( l + f 2 s ) ( l + T 3 s ) ( l + T 4 s ) ( 1 + T3S)(1 + T4S) Q^(^) 

(B.6) 

(B.7) 
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Qe(s) 

ef(s) _ I B3 + B4S + B5S 
B 

^M 

w h e r e 

bMbL.^) 

1+ T2S)(1+T3S)(1 + T4S)J ( 1 + T3s)( 1 + T^s) Qg(s) 

( l + b T 8 s ) b L / b C n b V 

, (B.8) 

bTpS ( 1 + b T 6 s ) ( l + b T 7 l 

+ b^4S 

A / \ r b^oS (1 + b f6s)(l 
b Q g ( ^ ) ( l + b y z s ) ( l + b T 3 s ) ( l + b T 4 s ) | l + - ^ ( l + ^ ^ r 3 s ) ( l 

(l+b'^ss) b V b C n b 

( l + b T 2 s ) | ( l + b T 3 s ) ( l + b T 4 s ) + ^ ' ( l + b ^ 6 s ) ( l + b ^ 7 s ) } 

(B.9) 

and 

To = (Cn + C c + C f ) L / C n V 

(1+ T3S)(1 + T4S) = 1 + Tl + 
Cc + CfN CcTi 

s + • 27TR2H2 / 27TR2H2 

T5 = Fi T, + F2 Tl 

(1+ T4S)(1+T7S) = 1 + 
(C„ + Cc)27rR2H2Ti + (Cc + Cf)Cn 

2TTR2H2(Cn + C c + Cf) 

C C Tjs" c n ' 
2TrR2H2(Cn + C c + Cf) 

Cc + Cf^ 
T s = ( l - 7 ) T 3 + 7 l ^ T i + ? 2 + 2^i,^H2 

T, = Cc/(27rR2H2) ; 

Tio = ( C n + C c + C f ) / ( C n v B ) = ( B / L ) To ; 

Ai = A y v C n L B ^ ; 

A2 = {sin^(BL + C) + sin^C}/2 ; 
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— _ Cn + Cc + Cf ("L s i n 2 ( B L + C) - s i n 2 C l f l 

A4 = s in ( B L + C) s in C 

A5 = c o s B L ; 

Cn + Cc + Cf 

s i n 2 ( B L + C) - s i n 2 C 
2 B L 

A , 
C„vB s in B L = T,„ s in B L 

_ (1 - 7)A^ f 1 s in 2 (BL + C) - s in 2C 
27TR2H2 1 2 

_ (1 - 7 ) A 2 [_]_ 
C ^ \ T 

B L 

s in 2 (BL + C) - s in 2C 
B L 

} • 

} ̂  

-^-

TjFi + T2F2 + 
2 7rR2H2 

B4 = Tj Tj + {Cc(Fi Tl + F2 '̂ 2) + Cf T 2 } / 2 7rR2H2 B , = • 
Cc Tl T2 

27TR2H2 

F o r c o n v e n i e n c e , Eq. (B,6) m a y be s imp l i f i ed by the following p r o c e d u r e : 

1 (I + T3 3)^(1+743)^ 

1 + 
f (1+ T6S)(1 + 

P ' ' ^ 1 + T 3 S ) ( 1 + 

T ^ Y (1+ T3S)'(1+ T4s)' + T^os ' ( l+T4s ) ( l+T7s ) 

1 

1 + ^ - r , (1+ •^6S)( 
° (1+ T3s)( 

1 + T^s) \ 
1+ T^s)J 

1 

1 

+ 

+ 

1 + 

ttiS 

( ^ 3 

(r 

+ 

+ 

3 + ^ 4 ) 3 

ttjS^ + 

-^4)3 

! 
a3s^ 

1 + PiS + |32S' 

(B.IO) 

( B . l l ) 

Then 

e'n(s) .̂  (1+ Tas)(l + T3s ) ( l+ T^s) 

6 (s) (1 •*• ^2s)(l + ttiS + a2S^+ a3S^ 
' g 

Ai{Ci + C2S + 033^} 

. (1+ T3s ) ( l+ T^s) 

Ai{C4 + C5S + C^s^ + C^s^ + C3S*} DQg(s) bSn(bl- 'S) 1 

(1+ /3is+ /32s2)( l+ais + a2s2 + a 3 s ^ ) j Qg (s) bQg(s) l + ^j-s 

(B.12) 
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w h e r e 

C i = - A 2 ; 

C2 = A3 - A 2 ( T 3 + T4) ; 

C3 = A,(TI,+ T^) - A2T3T4 ; 

C4 = 1 + A4 - A5 

C5 = 3 ( T 3 + T J {1 + A4 - A5} + To - A^ ; 

C6 = 3 ( T 3 + T^y{\ + A4 - A j t ( T 3 + T 4 ) {2 To - 3 A 6 } + |32 + a 2 A4 

C7 = (T3 + T4)^ {1 + A4 - A5} + ( T3 + T^y {To - 3A(,} + (T3 + T J 

{/32 + ( 2 T 3 T 4 + T 2 „ ) A 4 } + a , A4 ; 

Cs = ( T 3 + T , ) {(T3 + T J p , + A 4 a 3 - ( T 3 + T , ) ^ A 6 } ; 

tXj = 2 ( T 3 + T 4 ) ; 

"-Z = (Ti+T^)^ + 2T3T4 + Tfo ; 

0-3 = 2 T 3 T 4 ( T 3 + T i ( , ) + 2Tfo ( T j + T , ) ; 

Pi = T3 + T^ + To ; 

P2 = T3 + T4 + To ( T 4 + T7) 



A P P E N D I X C 

F r o m Eq . (5.7) and Append ix B, the power g e n e r a t i o n r a t e to c o r e 
ou t l e t t e m p e r a t u r e t r a n s f e r funct ion i s denoted by the following: 

4 5 

X m < L ; i - i ( x : 
a e , . L at 

max 2d 

^ 0.0285 

("^df -u%edf \ r L 1 uauedf(L + uL)' 
V aedf / 1 " 2(L + uL) J "̂  2aedfL . 

X m > L ; =^i(x)r 
oe^fL^ 

2d 
2 °^Qdf"u°'uedf\j J L 

) i ' " 2 ( L - L)}" 
uauedf(^ + uL) 

df • jV"2(L-^L)J"+ ae^fL 

s 0.0285 
( C . l ) 

w h e r e 

Cf + Cc + Cr 
Ul ~ 

D2 = 

D3 = 

D4 = 

D5 = 

BCnV 

sin(BL + C) ; 

- sin C ; 

- cos (BL+C) 

cos C ; 

Dt = D4 + D5 ; 

D7 = Di(D2 + D3) + 2(D4+D5)(T3+T4) + D4 TQ ; 

Ds = D I { ( D 2 + D 3 ) ( T 3 + T4+ T(,+ T7) + D2T0} + (D4 + D5){(T3+ T^)^ + T3 T J 

+ D 4 { T O ( T 3 + T 4 ) + P2} ; 

_ _ _ _ • ^ ' 

D", = 5 I . [ ( D 2 + D 3 ) { ( T 3 + T 4 ) ( T 6 + T 7 ) + T ^ T ^ } + D2{To(T6 + T^) + p,^}] 

+ ( D 4 + D 5 ) ( T 3 + T4) T3 T4 + D4 {T0T3 + ^2(^3+ T4)} 

Dio = Di[(D2 + D3)( T3 + T4) T4 T7 + D2 {To Te T^ + hi n + T^)}] + D4 P2 T3 T4 

a n d 



4 6 

T ^ = t h e c o o l a n t t r a n s p o r t t i m e f r o m t h e i n n e r b l a n k e t o u t l e t t o t h e 

c o r e o u t l e t . 

B y s u b s t i t u t i n g E q s . ( 5 . 6 ) a n d ( C . l ) i n t o t h e E q s . ( 5 . 8 ) t h r o u g h ( 5 . 1 0 ) 

t h e f o l l o w i n g t r a n s f e r f u n c t i o n s r e s u l t : 

u ^ _ 1 u ^ n ( ^ ) 

Q g ( s ) " 1 + ^ns ( bg ( s ) 

^ e ; ( s ) e „ ( L , s ) 1 + T12S 

6 g ( s ) " dgis) 1 + E i s + E 2 s ' 

w h e r e 

2 7 T R 2 U H 2 U L , , U ^ U ^ •̂ 12 
^ ^ = " ^ ^ " 2 C V ( ^ " + ^ ' ^ ) = ^ '^ + ^ " ^ T ^ 

^ 27ruR2 uH2 u L _ u ^ 

' ^ T c " ^ ; •^^ '' ~ 2 v ^12 
u n 

Til - u C n / 2 ' ' T R 2 jjH2 ; 

T12 = u C f / 2 7TR2 uH2 

(C.2) 

(C.3) 
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A P P E N D I X D 

Since the c o r e in l e t coo lan t t e m p e r a t u r e is independen t of the c o r e 
r a d i a l pos i t i on , the coo lan t p r e h e a t i n g in the i nne r b lanke t does not affect the 
f u e l - s l u g bowing . F r o m E q s . (4.17) and (4.19), the a v e r a g e fuel s lug t e m 
p e r a t u r e is ob ta ined : 

ef(s) = 3 / ef(x.s) dx 

= Q H ( 3 ) :^-^){c7i-^(^)(c^ + 

+ {7 + ( 1 - 7 ) ? ( S ) } 
g(s) 

r C ^ B ^ / T ] ( 3 ) 

B 

2 7rR2H2Cf 

1 fT)(s) 
L T I ( S ) 

COS C 

^ r ^ ^ ' ^ ( B L + C ) + e [— s i n C - j ^ ^ 
A 

C O S C 

Q g ( s ) 
{i_-2]_ [ 6 3 + 6 4 3 + 6 5 3 " 

~ C ^ l ( l + ' f '2s)( l + T 3 s ) ( l + T^s ) 

(1 + T 8 S ) ( 1 + T5S) 1 
1 

{(1 + T 2 S ) ( 1 + T3S)(1 + T43) )2 vCj^B J ( 1 + T 6 S ) ( 1 + T^s) 

1 + ^ • T 1 0 S ( 1 + T 3 S ) ( 1 + T4S) 

_ T i o s ( l + T 5 s ) ( l + T 7 s ) 
F l ^ — ; — + F2 

1 ( 1 + T3S) (1+ T4S) ( 1 + T 6 S ) ( 1 + T , , 3 ) 

( 1 + T 3 S ) ( 1 + T 4 S ) _ 

Q g ( s ) 
( 1 - 7 ) 

Cf \ ( 1 + T 2 S ) ( 1 + T 3 s ) ( l + T^s)] v C n B 

( 1 + Tgs) f ( l + T 3 S ) ( F 2 + F 4 S + F 5 S ' ) 

( 1 + T 2 s ) ( l + a i S + a 2 s 2 + 0 C 3 3 ' ) 1 (1 + T 2 s ) ( l + T 3 s ) ( l + T^s ) 

[ 1 + T5S){F3 + F3 ( T 3 + T4) 3 + F3 T3 T4S^} 

( 1 + T2S) (1+ P i S + P2S') 
( D . l ) 

w h e r e 
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— , ABL 
Fl = 1 - —-— cos C 

F2 = --—- sin(BL + C) + A cos C 
BL 

F3 = _ sin C 

F4 = T3 + T4 + Tio ; 

F5 = T3T4 + T I O ( T 4 + T 7 ) 
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APPENDIX E 

From Eqs. (4.12) and (7.1) through (7.5), the following equations 
a re obtained: 

'^^nCx.s) J C , C^ + C, F ( S ) 

1 + ^ ' ^ I ^ R I H ; {Cc + CfF(s)} 
" 3 

7Qg{X.s) ( l - y ) 6 {x,s)F(s) /vCn , ,^ 
= ^ + - i ; (E.l) 

ejx.B) 
et(x.s) = ^ . (E.2) 

1 + 
H3 

By solving Eq. (E . l ) , 9n(X'3) is given: 

Sn^X.^) = {7 + ( l - 7 ) ? ( s ) } ^ [ ' ' Q g ( x ' s ) e ^ ^ ' > ( ^ ' - ^ ^ d x ' • 
n JQ 

(E.3) 
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A P P E N D I X F 

I n a w a y s i m i l a r t o t h a t u s e d i n A p p e n d i x B , 9 n ( s ) i s c a l c u l a t e d : 

e (-) 
{7 + ( l - 7 ) a s ) } Q j s ) A ^ 1 

v C „ B ' L m 1 + 

C(s)L 

g ( s ) { s i n 2 ( B L + C ) - s i n 2 C } s i n ^ ( B L + C ) + s i n ^ C 

4 B " 2 

+ e ' ' ' ^ ^ ^ ' ' " s i n ( B L + C ) s i n C + 

1 - e - ^ ( ' ' ^ { c o s B L + ^ s i n B L } 

1 + {^} 
+ b ^ n ( b L . s ) e 

- T _ s r ^ _A_ 

B L 
{cos C - c o s ( B L + C ) } ( F . l ) 

^ ( s ) i s t h e n s i m p l i f i e d : 

C t + C n + C c + Cf 
?(s) C„V ( 1 + T 3 s ) ( l + T , s ) ( l + Tj3s) 

C t ( T3+ T^ - T13) + C n ( T3+ T4) + Cc 
1 + S ^ Ti3 + 

C t + C n + C c + Cf ^} 
J C t T 3 T , + Cn(T-3T , + T^T,3 + T^3 T3) + C c Ti T,3 | 

1 Ct + Cn + Cc + Cf J 

C t + C n + C c + Cf 

C t + C n + C c + Cf s { l + h i s + h2S^ + h3S^} 

( 1 + T 3 s ) ( l + T , 3 ) ( l + T,33) • ( F . 2 ) C . ,v 

w h e r e 

Ti3 = C t / H j 

Tl3 + 
C t ( T 3 + T 4 - T,3) + C n ( T 3 + T j + C c T i 

Cf + C n + C c + Cf 

b^ = C t T3T^ + C n ( T3 T^ + T^ Ti3 + T13 T3) + C c Tl Ti3 

C t + C n + C c + Cf 
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C t + C n + C c + Cf 

S u b s t i t u t i n g E q s . ( B . 6 ) a n d ( F . 2 ) i n t o E q s . ( F . l ) a n d ( 7 . 7 ) a n d a p p l y i n g t h e 
f o l l o w i n g r e l a t i o n : 

- f ( s ) 
1 

1 + f ( s ) 
( F . 3 ) 

g i v e s t h e p o w e r g e n e r a t i o n r a t e t o t h e h e x a g o n a l t u b e t e m p e r a t u r e t r a n s f e r 
f u n c t i o n 

H , 1 + T„s et(s) 
Q g ( s ) ~ 1 + T-13S ( 1 + T ^ s ) ( l + T 3 S ) ( 1 + T 4 S ) 

1 

1 + 
f 1 + h i s + h 2 s " + h3S^ 1 

V " ' ( 1 + T3S) (1+ T4S) (1+ T13S)J 

_ _ s ( l + h i s + h2S^ + h3S^) 
-H2 + H3 - ^ ' - ^ 

1 + T, = s 

( 1 + T3S)(1+ T 4 s ) ( l + T13S) 

H4 

(1 + h i s + h 2 S ^ + h3s3) 

' 5 ^ ( 1 + T3S) (1+ T 4 S ) ( 1 + T133) 

1 + 
r ( l + h i S + h 2 S ^ + h3S^) ']^ 

L ' ^ ^ ( l + T3S) (1+ T4S) (1+ Ti3s)J 

H , + H . s 

(1 + h i S + h 2 s " + h3S^) 
1 + T15S 15^ ( 1 + T3S)(1+ T4S) (1+ Ti3s)J 

b Q „ ( s ) b e n ( ^ L ) 1 1 

Q J S ) b ^ J s ) 1 + T , S 1 + T,33 
( F . 4 ) 

w h e r e 

H i = A V V C J ^ L B ^ = A i ; 

H2 = { s i n ^ ( B L + C ) + s i n ^ C } / 2 = A2 
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H, 
Ct + C„ + Cc + Cf 

CnV 

f^ sin 2(BL + 
l 2 ' 

C) - s in 2C 

4B 

H4 = s i n ( B L + C ) s in C = A4 

C, + C„ + C^ + Cf 
H. = s in B L ; 

Ti4 = (Ct + Cn + Cc + Cf ) /CnvB ; 

-̂ 15 = (Ct + Cn + Cc + Cf)L/CnV . 

By a p r o c e d u r e s i m i l a r to tha t in Append ix B [ E q ' s . (B.IO) t h r o u g h (B.12)] , 

Eq. ( F . 4 ) can be s impl i f ied : 

{1 + ( T 3 + T 4 ) s f ( l + Tj3s)^ 

1 + V,AS 

TXz — 1 + h i s + h2s ' ' + h3S^ Y 1 + 7 i s + 723^ -' 733^ + 74S* ; 

( 1 + T3S) (1+ T 4 S ) ( 1 + T13S). 

(F.5) 

1 + 

r 1 + h i s + h2s'^ + h j s 

r ' 5 ' ( 1 + T 3 s ) ( l + T , s ) ( l + T i 3 

{1 + (^-3+ ^ 4 ) 3 } ( 1 + T13S) 

1 + S j s + 6^3^ + "^jS^ 

)J (F.6) 

Then, 

e t ( s ) H i ( l + T 3 s ) ( l + T j 3 s ) ( l + T 3 s ) ( l + T^s) 

Q ( s ) ( 1 + T 2 s ) ( l + 7 i S + 7 2 S ^ + 7 3 s H 7 , s*) 

H2 + H7S + Hgs^ + H , s ^ 

( 1 + T3a)(l + T 4 s ) ( l + T,3s) 

H4{1 + ( T 3 + T , ) s } ( l + Tj3s) (1 + ( T3+ T j s } 2 ( l + Ti3s)2 

1 + 61S + 628^ + 633^ 1 + 7 i s + 72S^ + 735^ + TjS'' 

1 - H5 + H I Q S + H i i s ^ + Hi2£ 

1 + 61S + b^s'- + 638^ 
, b ^ g Q g ( s ) b ' ^n(bL.3) 1 1 

Q g ( s ) b Q g ( s ) 1 + T r s 1 + -̂ 133 

(F .7) 

w h e r e 
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H7 = -H2( T3 + T4 + T13) + H3 ; 

Hs = - H 2 { T I 3 ( T 3 + T4) + T3T4} + hilTs 

H , = - ' H 2 T 3 T 4 T i 3 + h2'H3 ; 

Hio = 61 - H5 ( T 3 + T4 + T13) - H6 

H i i = 62 - H5 { T I 3 ( T3+ T4) + T3T4} - H 6 ( T 3 + T4+ T13) 

H, H5 T3 T4 T,3 - Hi,{Ti,{T^+ T j + T 3 T J 

7 i = 2 ( T 3 + T4+ T13) ; 

7 2 = ( T 3 + T 4 + T I 3 ) 2 + 2 { ( T 3 + T 4 ) T13 + T3T4} + T\^ ; 

7 3 = 2 { ( T 3 + T4) Ti3 + T 3 T 4 } ( T 3 + T4 + T13)} + 2 T 2 ^ h i ; 

7 ^ = { ( T 3 + T 4 ) T I 3 + T3 T4}^ + 2 T 3 T 4 T i 3 ( T 3 + T4+T13) + T^^ (2h2 + h^) 

61 = T3 + T4 + Ti3 + T15 ; 

62 = T3T4 + T i 3 ( "^3+'^4) + h i "̂ 15 ; 

6 , = T , T . T , , + T,, h . 
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APPENDIX G 

SYMBOLS AND CONSTANTS 

Section III 

N Neutron density 

p Reactivity 

jl * Mean p rompt -neu t ron l ifetime 

X- Decay constant of delayed neut rons of group i 

Cj Concentrat ion of delayed neut rons emi t ted in group i 

/3. F r ac t i on of delayed neut rons emit ted in group i 

Sections IV and V 

9 T e m p e r a t u r e , °C 

Q_ Power generat ion r a t e /un i t length 

Xf Thermal conductivity 

kf Therma l diffusivity of fuel slug 

Rl Radius of fuel slug 

H I Effective heat t r ans fe r coefficient from fuel slugs to 

cladding 

7 F rac t ion of power generat ion c a r r i e d by gamma radiat ion 

H2 Heat t rans fe r coefficient from cladding to coolant 

C Heat capaci ty /uni t length 

R2 Fuel rod radius 

L Axial length of medium 

v Coolant velocity 

^Na- ^Zr Thickness of NaK bond and Zirca loy jacket 

^Hz Effective heat transfer coefficient from upper blanket slugs 

to coolant/unit length 

''̂ Na' '^Zr Thermal conductivity of NaK and Zircaloy 

Section VI 

^i Displacement of fuel slug due to bowing 

a Thermal expansion coefficient of fuel slug 

d Diameter of fuel slug or upper blanket slug 
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°6£ T e m p e r a t u r e d i f fe rence be tween the c o r e c e n t e r s ide and 
o p p o s i t e s ide of one fuel slug 

0f (s) Ax ia l ly a v e r a g e fuel t e m p e r a t u r e (does not inc lude the 
a x i a l i m p o r t a n c e function) 

P i S t e a d y - s t a t e p o w e r g e n e r a t i o n in the c a s e i 

•^im M a x i m u m s t e a d y - s t a t e p o w e r g e n e r a t i o n in the c a s e i for 
sa t i s fy ing the condi t ion tha t the fuel slug in the j a c k e t does 
no t touch the j a c k e t wa l l 

Se c t i on VII 

H3 Ef fec t ive h e a t t r a n s f e r coeff ic ient f r o m coo lan t to hexagona l 

t u b e / u n i t l eng th of one r o d 

R3 Ef fec t ive c o r e r a d i u s 

r2 D i s p l a c e m e n t of c o r e due to hexagona l tube t h e r m a l 
e x p a n s i o n 

R4 Ef fec t ive i n n e r b l anke t r a d i u s 

Sec t ion VIII 

K, AK M u l t i p l i c a t i o n f ac to r and i t s s m a l l dev ia t ion 

Kji R e a c t i v i t y coef f ic ien t of the NaK t e m p e r a t u r e in the c o r e 

Knc R e a c t i v i t y coef f ic ien t of the NaK coo lan t t e m p e r a t u r e in the 

c o r e 

Kf R e a c t i v i t y coef f ic ien t of the fuel t e m p e r a t u r e due to ax ia l 
e x p a n s i o n 

Kf R e a c t i v i t y coef f ic ien t of the fuel t e m p e r a t u r e due to 

d e c r e a s e s of NaK v o l u m e 

Kf R e a c t i v i t y coef f ic ien t of the fuel t e m p e r a t u r e (Kf̂  + Kf^) 

K R e a c t i v i t y coef f ic ien t of the NaK bond t e m p e r a t u r e in the c o r e 

K • R e a c t i v i t y coef f ic ien t of the j a c k e t t e m p e r a t u r e due to 

d e c r e a s e s of NaK v o l u m e 

K4 R e a c t i v i t y coef f ic ien t of the c ladding t e m p e r a t u r e ( K n b + ^ z j ) 

K J R e a c t i v i t y coef f ic ien t of the c o r e r a d i a l d i s p l a c e m e n t 

K n R e a c t i v i t y coef f ic ien t of the NaK coo lan t t e m p e r a t u r e in the 
u p p e r b l a n k e t 

Kf R e a c t i v i t y coef f ic ien t of the b l a n k e t s lug t e m p e r a t u r e in the 
u p p e r b l a n k e t 



K R e a c t i v i t y coef f ic ien t of the i s o t h e r m a l r e a c t o r t e m p e r a t u r e 
due to c o r e r a d i a l e x p a n s i o n 

j^Kn R e a c t i v i t y coef f ic ien t of the NaK coo lan t t e m p e r a t u r e on the 
l o w e r b l a n k e t 

ĵ Kf R e a c t i v i t y coef f ic ien t of the b l a n k e t slug t e m p e r a t u r e in the 
l o w e r b l a n k e t 

K R e a c t i v i t y coef f ic ien t of the NaK coo lan t t e m p e r a t u r e in the 
i nne r b l a n k e t 

b ^ n 

bKf Reac t i v i t y coef f ic ien t of the i n n e r b l a n k e t s lug t e m p e r a t u r e 
due to slug e x p a n s i o n 

bKf R e a c t i v i t y coef f ic ien t of the i n n e r b l a n k e t slug t e m p e r a t u r e 
due to d e c r e a s e s of NaK v o l u m e 

^ K j . R e a c t i v i t y coeff ic ient of the u p p e r b l anke t t e m p e r a t u r e due 
to i ts r a d i a l e x p a n s i o n 

1K J, R e a c t i v i t y coef f ic ien t of the l o w e r b l anke t t e m p e r a t u r e due 
to i t s r a d i a l e x p a n s i o n 

bK J, Reac t iv i ty coeff ic ient of the i n n e r b l anke t t e m p e r a t u r e due 

to i ts r a d i a l e x p a n s i o n 

Kĵ t I s o t h e r m a l t e m p e r a t u r e coeff ic ient 

â ^ C r o s s - s e c t i o n a r e a for coo lan t f l o w / r o d 

anb C r o s s - s e c t i o n a r e a of NaK bond 

af C r o s s - s e c t i o n a r e a of fuel slug 

a- C r o s s - s ec t ion a r e a of Z i r c a l o y j a c k e t 

S u b s c r i p t s 

Left s u b s c r i p t s Righ t s u b s c r i p t s 

b Inne r b l anke t f F u e l o r b l anke t slug 

u Upper b l anke t c Cladding 

non C o r e n NaK coo lan t 

t S t a i n l e s s s t e e l h e x a g o n a l tube 

The m a t e r i a l c o n s t a n t s a r e l i s t e d in Tab le G , l , 
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T h e r m a l Conduc t iv i ty 
( c a l / c m - s e c - ° C ) 

D e n s i t y (g/cnn-^) 

Spec i f ic H e a t 
( c a l / g - ° C ) 

Thernna l Diffusivi ty 
(cnr^Y sec ) 

PuAl 

0,041 

16,3 

0.0364 

U 

0,07 

18,9 

0,032 

NaK 

0.0621 

0,79 

0,2122 

Z i r c a l o y 

0.0332 

6,55 

0.08 

S t a i n l e s s 
Steel 

-

7,9 

0,12 

0,0691 

T h e r m a l E x p a n s i o n 
Coef f ic ien t 12,5 X 10" 'A i / i 14 X 1 0 - ' A V ^ 3 X I O - ' A V / V 9 ,6x lO - 'A i / i I S x l O ' A i 

Constants independent of the coolant flow rate are tabulated in 
Table G,2, 

Table G.2 

(A) G e o m e t r i c a l C o n s t a n t C o r e 

L 

Rl 

af 

anb 

^j 

an 

Rz 

Rs 

R3/R4 

C o r e 

21,5493 

0,29464 

0,27273 

0.06194 

0,11833 

0,1768 

0.37973 

9,037 

0,60698 

Upper Blanket 

19,6723 

" 

" 
" 

" 

" 
tr 

" 

Inne r Blanke t 

50,269 

0,46228 

0,67137 

-
0.15566 

0,2632 

0,51308 
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( B ) N o n - g e o m e t r i c a l C o n s t a n t s 

c a l / c m C t 0 , 1 8 7 4 2 4 

c a l / c m Cf 0 , 1 6 1 8 ^ C f 0 , 2 3 7 3 

c a l / c m C ^ 0 . 0 7 2 3 9 

c a l / c m C n 0 . 0 2 9 6 4 ^ C n 0 . 0 2 9 6 4 

c a l / c m ^ s e c ° C H i 0 , 4 7 2 2 

M 3 , 3 9 3 4 

T 1 , 2 5 6 3 

F l 0 , 9 1 1 

F 2 0 , 0 8 9 

T I / T 0,296 

T^T 0,416 

Tl 0 , 3 7 2 

T2 0 , 0 5 2 3 

A 1 , 1 3 3 5 8 

B 0 , 0 8 1 9 4 4 

C 0,68790 

G2 0 , 0 6 7 5 

s i n ( B L + C) = 0 , 6 1 9 3 s i n C = 0 , 6 3 4 9 s i n B L = 0 , 9 7 6 9 6 

c o s ( B L + C) = - 0 , 7 8 5 1 5 c o s C = 0 , 7 7 2 5 9 c o s B L = - 0 , 2 1 3 4 1 

s i n ^ ( B L + C) = 0 , 3 8 3 5 3 s i n ^ C = 0 , 4 0 3 1 0 s i n 2 ( B L + C) = 0 , 9 7 2 4 9 

s i n 2 C = 0 , 9 8 1 0 3 

bCf 

bCc 

bCn 

bHi 

bM 

bT 

b F i 

bF2 

b-^iAT 

b^2AT 

bTi 

b^2 

0.40604 

0.08157 

0.04412 

0.6535 

4.3157 

1,8470 

0,889 

0.111 

0,267 

0,0419 

0,493 

0,0774 



'•"^mfff"*^ 


